Electronic excitations and structure of Li2IrO3 thin films grown on
  ZrO$_{2}$:Y (001) substrates by Jenderka, Marcus et al.
Electronic excitations and structure of Li2IrO3 thin films grown on
ZrO2:Y (001) substrates
Marcus Jenderka,a) Ru¨diger Schmidt-Grund, Marius Grundmann, and Michael Lorenz
Institut fu¨r Experimentelle Physik II, Universita¨t Leipzig
Linne´straße 5, D-04103 Leipzig (Germany)
(Dated: August 11, 2018)
Thin films are a prerequisite for application of the emergent exotic ground states in iridates that result from
the interplay of strong spin-orbit coupling and electronic correlations. We report on pulsed laser deposition
of Li2IrO3 films on ZrO2:Y(001) single crystalline substrates. X-ray diffraction confirms preferential (001)
and (10-1) out-of-plane crystalline orientations with well defined in-plane orientation. Resistivity between 35
and 300 K is dominated by a three-dimensional variable range hopping mechanism. The dielectric function is
determined by means of spectroscopic ellipsometry and, complemented by Fourier transform infrared trans-
mission spectroscopy, reveals a small optical gap of ≈ 300 meV, a splitting of the 5d-t2g manifold, and several
in-gap excitations attributed to phonons and possibly magnons.
PACS numbers: 68.55.-a, 71.27.+a, 75.50.Lk
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I. INTRODUCTION
The layered perovskite oxides A2IrO3 (A = Na, Li)
have in recent years been studied in terms of a physical
realization of the Kitaev and Heisenberg-Kitaev model
and its extensions, harboring spin liquid and topologi-
cally ordered phases.1–6 They have also drawn interest as
possible topological insulators.7–10 Ultimately, the phys-
ical realization of such states of matter is desired with
respect to quantum computation proposals.11–13 Subse-
quently, experiments showed that both materials order
magnetically at ≈ 15 K: Na2IrO3 is deep within an an-
tiferromagnetically zig-zag ordered phase,14–17 whereas
Li2IrO3 shows incommensurate spiral order but is placed
close to the desired spin liquid phase.5,6,18 There is yet
no direct experimental evidence of a topological insulator
phase in either of the two materials.
Some of us have previously reported on the first suc-
cessful growth of heteroepitaxial Na2IrO3 thin films,
where we observed three-dimensional variable range hop-
ping conductivity and the weak antilocalization effect
in magnetoresistance.19 To date, available single crys-
tals are of very small size, such that experimental
data on Li2IrO3 is often restricted to powder-averaged
data.5,18,20,21 Certain types of experiments, such as ter-
ahertz pump-probe spectroscopy or neutron diffraction,
benefit from large-area single-crystalline thin film sam-
ples. Neutron diffraction experiments, for instance, are
challenging because of a high absorption cross-section of
iridium and the small crystal sizes. Thin films however
alleviate these problems by distributing the volume over
a large area. If its growth was feasible, thin films would
in general also allow for the study of strain-induced ef-
fects. In fact, both a strain-induced spin liquid and
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topological insulator phase are proposed to exist.4,5,9,10
Hence, thin films of this class of material lay a founda-
tion for future experiments including e.g. studies on the
(Na1−xLix)2IrO3 compounds, which are not available in
single crystalline form so far.
Like its sister compound Na2IrO3, Li2IrO3 is
an antiferromagnetic insulator with Nee´l temperature
TN ≈ 15 K below which it orders in an incommensu-
rate spiral fashion.5,6,18 X-ray powder diffraction mea-
surements suggest a monoclinic C2/c unit cell.5,18 Tem-
perature dependent resistivity shows insulating behav-
ior between 100 and 300 K.5 A delicate interplay be-
tween trigonal distortions of the IrO6 octaeder and spin-
orbit coupling cause the spin-orbit assisted Mott insulat-
ing state. Until recently, the magnitude of the trigonal
distortions was unclear. Consequently, the adequate de-
scription of the underlying electronic structure was un-
der debate.22–24 However, recent resonant inelastic x-ray
scattering experiments21 validate the applicability of the
so-called jeff physics in Li2IrO3, which in the past was
applied to Sr2IrO4 and related materials
25–28: The cu-
bic crystal field caused by the edge-sharing IrO6 octaeder
splits the Ir 5d orbitals into a eg doublet and a t2g triplet.
The splitting between eg and t2g is about 3 eV.
29 Struc-
tural distortions of the monoclinic unit cell and the oxy-
gen tetraeder, respectively create a trigonal crystal field.
If this field is sufficiently small compared to spin-orbit
coupling, the t2g triplet further splits into a fourfold de-
generate jeff = 3/2 and a twofold degenerate jeff = 1/2
band.
In this paper, we report on the pulsed laser-deposition
of Li2IrO3 thin films and the study of their structure.
Temperature-dependent resistivity is measured between
300 and 25 K. Employing spectroscopic ellipsometry, we
determine the dielectric function in order to study and
interpret low energy electronic excitations on the basis of
jeff physics. These results are complemented with opti-
cal transmission data measured with a Fourier transform
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2infrared spectrometer.
II. EXPERIMENTAL DETAILS
Li2IrO3 thin films were grown by pulsed laser deposi-
ton (PLD) on 10 × 10 mm2 ZrO2:Y(001) single crys-
tals (YSZ). PLD was done with a 248 nm KrF excimer
laser at a laser fluence of 2 Jcm−2. The phase-pure
polycrystalline target was prepared by a solid state syn-
thesis of Li2CO3 and IrO2 powders in a stochiometric
ratio of 1.1:1. The mixture was homogenized, pressed
and calcined in air for 24 h at 750◦C. Afterwards it was
again ground, pressed and sintered for 72 h in 900◦C.
Unfortunately, the target was rather soft. To improve
it, attempts were made to employ high pressure sinter-
ing (HPS). However, the reducing conditions due to the
graphite heater used in HPS, had a detrimental effect on
the target composition.
The deposition procedure involved a nucleation layer
grown with 300 laser pulses at 1 Hz, followed by an-
other 30,000 pulses at 15 Hz. After deposition, the sam-
ples were annealed in situ at an oxygen partial pres-
sure pO2 = 800 mbar. Film thickness was estimated at
≈ 400 nm by spectroscopic ellipsometry. The growth pro-
cess was optimized with respect to high film crystallinity,
i.e. high x-ray diffraction peak intensity. We have grown
films at growth temperatures and oxygen partial pres-
sures within the ranges from 550◦C to 700◦C, and from
0.1 mbar to 3.0 × 10−4 mbar, respectively. We note, that
for larger deposition temperatures Li2IrO3 films decom-
posed as indicated by additional x-ray reflexes belonging
to other phases, most likely IrxOy species. For these
films, an energy dispersive x-ray (EDX) analysis gave a
reduced Ir:O ratio of 1:2.13. Optimized films were grown
at 600◦C and 3.0 × 10−4 mbar.
Investigations of the epitaxial relationship were per-
formed with both a Panalytical X’Pert PRO Materi-
als Research Diffractometer with parabolic mirror and
PIXcel3D detector and a Philips X’Pert x-ray diffrac-
tometer equipped with a Bragg-Brentano powder go-
niometer using divergent/focusing slit optics and Cu Kα
radiation. Surface morphology was investigated via a
Park System XE-150 atomic force microscope in dynamic
non-contact mode and a CamScan CS44 scanning elec-
tron microscope. Temperature dependent dc electrical
resistivity was measured in van-der-Pauw geometry with
dc magnetron-sputtered ohmic gold contacts. The dielec-
tric function (DF) was determined via standard variable
angle spectroscopic ellipsometry in the spectral range
from 0.03 to 3.34 eV (IRSE). Infrared optical transmis-
sion in the spectral range from 0.14 to 1.30 eV was mea-
sured using a BRUKER IFS 66v/S Fourier transform in-
frared spectrometer in transmission mode (T-FTIR).
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Figure 1. (Color online) (a) Typical x-ray diffraction (XRD)
2Θ-ω scan of a PLD-grown Li2IrO3 thin film on ZrO2:Y (001)
(YSZ) in blue, underlayed with the pattern of the polycrys-
talline PLD target in red. Significant film reflexes are labeled
in blue. (b) Rocking curve about the (002) plane of Li2IrO3.
(c) XRD φ-scans of asymmetric Li2IrO3 (131) and YSZ (111)
reflections of the Li2IrO3(001) phase. (d,e) The surface mor-
phology of the film is illustrated by non-contact AFM topo-
graphic and scanning electron microscopy images.
III. RESULTS & DISCUSSION
A. Crystal structure
A typical x-ray diffraction (XRD) 2Θ-ω pattern of a
Li2IrO3 film is shown in Fig. 1(a). For confirmation
of the preferential film orientations, the XRD pattern
of the polycrystalline PLD target is underlayed. The
patterns are indexed on the basis of a monoclinic C2/c
unit cell5,18. The pattern shows pronounced symmet-
ric peaks related to the (001) and (10-1) planes of the
Li2IrO3 phase, see blue labels in Fig. 1(a). The intensity
ratio I(002)/I(20−2) is about 2.3:1 and thus much smaller
than in the polycrystalline target (≈ 14:1). This strongly
suggests preferential (001) and (10-1) out-of-plane crys-
talline orientations. However, peak assignment can be
ambiguous, since in the monoclinic unit cell of Li2IrO3
many reflexes such as (20-2) & (004) are narrowly spaced.
We fit the peak at 2Θ = 36.88◦ with two Gaussians to
obtain d20−2 and d004. From the d00l values of the (002),
3(004) and (006) reflexes, the c lattice parameter is deter-
mined as 9.71(1) A˚. We also performed 2Θ-ω scans of the
asymmetric (202) and (131) reflexes of the (001)-oriented
phase and calculated lattice parameters a = 5.20(3) A˚
and b = 8.99(14) A˚. For the calculations we assumed
β = 99.992◦.18 The lattice parameters are in good agree-
ment with reported values5,18, a, b and c deviating by
+0.6%, +0.7% and -0.8% respectively. This indicates
some amount of internal rather than epitaxial strain con-
sidering the significant lattice mismatch to YSZ(001).
A rocking curve of the (002) reflex at 2Θ = 18.29◦ gives
a full width at half maximum of about 10◦ (cf. Fig 1(b)).
Investigation of the in-plane epitaxial relationship is
done by x-ray diffraction φ-scans of the asymmetric
Li2IrO3 (131) reflex of the (001)-oriented phase and of
YSZ (111), shown in Fig. 1(c). For YSZ(001), we ob-
serve the C4-symmetry of its (111) planes as expected.
The φ-scan of the Li2IrO3 (131) reflection shows 12 + 12
reflections spaced by 15◦ alternating between ”high” and
”low” intensity peaks. Their intensity ratio is approxi-
mately 7:1. In Li2IrO3, the asymmetric (131) plane of
both the (001)- and (10-1)-oriented phases share very
similar angles. We therefore believe, that the φ-scan
shows the rotational domains of both phases. Thus, it
indicates that the C1-symmetric (monoclinic) (001)- and
(10-1) oriented Li2IrO3 epilayers align in-plane within 12
rotational domains each. From the mismatch of rota-
tional symmetry of substrate and epilayer,30 we expect
a minimum of four rotational domains. The origin of
the increased number of rotational domains is at present
unknown. One explanation might however be possible:
Initially, Li2IrO3 was reported as pseudo-hexagonal.
20
If it occurred, the existence of epitaxially induced C6-
symmetry would lead, according to Ref. 30, to two rota-
tional domains and thus 12 reflections in total per phase.
Based on our x-ray data, it is not possible to determine
the actual crystal structure of the epilayer, as the (001)
planes of both monoclinic and pseudohexagonal symme-
tries share similar 2Θ angles. Epitaxially induced change
of lattice symmetry was e.g. observed for the growth of
U3O8 on c-plane Al2O3.
31
B. Chemical analysis and surface morphology
A qualitative elemental investigation of a film using
secondary neutral mass spectrometry (SNMS) showed
only Li, Ir, and O. An accumulation of volatile Li at
the film-substrate interface was observed by SNMS depth
profiling. However, it is currently not clear if the Ar+-
sputtering in SNMS contributes to this Li accumulation
at the interface. Energy dispersive x-ray analysis gave an
oxygen deficient Ir:O ratio of 1:2.84 under the optimized
PLD conditions, as discussed above. This ratio points to
possible oxygen vacancies, that might in turn explain the
internal strain observed in XRD.
Figures 1(d,e) show topographic images of the Li2IrO3
film surface obtained with non-contact atomic force
microscopy (AFM) and scanning electron microscopy
(SEM), respectively. The images reveal a granular sur-
face with an RMS roughness of 15.7 nm and a peak-to-
valley height of 139.0 nm. The surface morphology can be
explained by the presence of two preferential orientations
and furthermore by the mechanically soft target promot-
ing grain agglomeration. We have in fact tried growing
films on lattice-matched YAlO3(011) single crystals but
observed no improvement in either crystalline structure
or surface morphology.
C. Electrical resistivity
As illustrated in Fig. 2, Li2IrO3 exhibits semiconduct-
ing resistivity behavior between 300 and 25 K. Resistivity
does not follow a simple activated law ρ ∝ exp(−∆/T ),
see Fig. 2, inset (a), that can also be associated with
nearest-neighbor hopping. Instead, resitivity follows a
ρ ∝ exp[(∆/T 1/4)] dependence down to at least 60 K.
We associate this behavior to three-dimensional Mott
variable range hopping (VRH), as similarly observed in
Na2IrO3 thin films.
19 Variable range hopping conduction
results from localized states within a narrow energy band
near the Fermi energy. At lower temperatures, resistivity
diverges from this VRH dependence. As indicated by a
straight line fit in Fig. 2, inset (b), we fit the resistivity
data from 300 to 57 K with the three-dimensional Mott
VRH model32
ρ = ρ0 exp[(T0/T )
1/4], (1)
where ρ0 is a temperature-dependent resisitivty coeffi-
cient and T0 is the localization temperature. From the
analysis of variable range hopping within percolation the-
ory, the resisitivty coefficient is given by33,34
ρ0 = ρ
′
0(T/T0)
s, (2)
where s ≈ 1/4. Fitting eq. (1) to the resistivity data,
we extract ρ′0 = 2.0(4) × 10−8 Ωm and a localization
temperature of T0 = 1.26(6) × 107 K. An estimate for the
localization length a can be obtained from T0 according
to33
T0 = 21.2/kBa
3N(EF), (3)
provided that N(EF), the density of states at the Fermi
level, is known. Based on available heat capacity data
of Li2IrO3 and Na2IrO3 single crystals
5, we assume
N(EF) ∼1028 eV−1m−3 (for details, see Ref. 19). The
calculated localization length a is about 1.25(2) A˚. Its
magnitude is comparable with the Ir-Ir and Ir-O bond
distances (approx. 3 and 2 A˚, resp.) in the structurally
very similar sister compound Na2IrO3,
15,17 supporting
the applicability of Mott VRH. A criterion for the valid-
ity of Mott VRH is that the average hopping distance
RM be larger than the localization length a,
35 i.e.
RM
a
=
3
8
(
T0
T
)1/4
> 1. (4)
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Figure 2. (Color online) Temperature-dependent resistivity
ρ versus temperature T . The red line is a fit according to
eq. (1). Inset (a) shows logρ versus 1000/T . In inset (b)
the data are plotted in logρ versus T−1/4. Red straight line
fit with slope T0 illustrates dominant three-dimensional Mott
variable range hopping conductivity mechanism.
The ratio RM/a is equal to 5.37(7) at 300 K satisfying
above criterion. We also verify that the maximal hopping
distance Rmax is much larger than the film thickness to
exclude Mott VRH with hopping exponent 1/3. This
kind of hopping is expected for thin films with thickness
t in the order of the maximal hopping distance36
Rmax =
a
2
(
T0
T
)1/4
. (5)
Using the estimated localization length a we obtain a
maximal hopping distance of Rmax = 1.36(4) nm at 57 K
which is much smaller than the film thickness t ≈ 400 nm.
D. Spectroscopic ellipsometry
Spectra of the DF were determined from the ellipsom-
etry data by using a model containing a layer for the sub-
strate, a layer for the Li2IrO3 film and a surface rough-
ness layer. Each layer is described by its thickness and
optical constants. Between the substrate and the Li2IrO3
thin film, a thin interface layer of about 1 nm was intro-
duced by mixing 50:50 the substrate and film DF in a ra-
tio of 1:1 by means of a Bruggeman effective-medium ap-
proximation (EMA).37 Also the surface roughness layer
and the columnar structure was accounted for by a 100
nm EMA-layer by mixing the film DF with void. The
void fraction was gradually increased from ≈ 20 to ≈
80% from bottom to top (please cf. note38). For mod-
elling the thin film’s DF we used a parametric model
dielectric function (MDF) approach consisting of (cf.
Fig. 3): a Drude free charge carrier absorption and two
Lorentzians describing the phonon contribution at lowest
energies; a near band gap Tauc-Lorentz (TcLo) absorp-
tion function39 and a series of M0-critical point func-
tions with parabolic onset40,41 describing direct band-
band transitions; Gaussian oscillators were used to model
electronic band-band transitions spread within the Bril-
louin zone at higher energies. Additional discrete transi-
tions where described by Lorentzians. Regression analy-
sis was then applied to best match the dielectric function
model to the experimental data. From the MDF, the
absorption coefficient α was calculated (cf. Fig. 4).
The final MDF together with its individual compo-
nents is displayed in Fig. 3. In the following, we argue
that these individual components represent electronic ex-
citations that can be ascribed to transitions from and
within the t2g manifold in line with the picture of jeff
physics, as explained earlier in the text. We also show,
that their transitions energies agree well with other ex-
periments, such as angle-resolved photoemission spec-
troscopy (ARPES), resonant inelastic x-ray scattering
(RIXS) and optical spectroscopy, performed on Li2IrO3,
Na2IrO3 and other iridates. The observed excitations are
summarized in Table I.
In the high-energy spectral range above 1.2 eV, we
find two contributions to the MDF at 1.63 and 3.25 eV
that are attributed to d-d band transitions from occu-
pied t2g to empty eg bands (D, E). Very similar transi-
tions have been observed in Na2IrO3 and Li2IrO3 single
crystals21,42 and Na2IrO3 thin films.
19 Below 1.2 eV, we
find several transitions. The transitions at 55 and 65
meV are attributed to phonons; at 0.11 and 0.18 eV we
find discrete transitions (A). For example, in Sr2IrO4
a magnon was found at 0.2 eV within the Mott gap.43
Further band-band excitations, possibly related to the
particle-hole continuum boundary,21 are found at 0.15
and more pronounced at 0.30 eV (B). They imply a very
narrow Mott gap of less than 0.3 eV. Narrow Mott gaps
from 300 meV to 340 meV were also previously found in
Na2IrO3 and Li2IrO3.
19,21,42 Another discrete transition
can be recognized at 0.72 eV (C). It is assigned to t2g
intraband transitions from jeff = 3/2 to jeff = 1/2 states.
Excitations similar to C were found in other iridates, as
well.21,26,43
E. Infrared transmission spectroscopy
A transmission spectrum of the film T was calculated
from that of the entire sample Tsample and the sub-
strate Tsubstrate, measured each by means of T-FTIR, via
Tsample × 100/Tsubstrate.44 The (1-T ) spectrum (Fig. 4)
also reveal a narrow optical gap below 0.3 eV . Further-
more two broad peaks with shoulders can be discerned
indicating electronic excitations. To compare with the
IRSE data, the absorption coefficient α, calculated from
the MDF, is included in Fig. 4 (blue curve) and the peak
positions from Tab. 1 are indicated. Transitions A - C
are reproduced in the T-FTIR data but are, however,
complemented by transitions B′ and C ′ (see Tab. I).
5Table I. Overview of electronic excitations energies in Li2IrO3 thin films determined by IRSE and T-FTIR. The uncertainty is
in the order of the last digit.
Peak A B B’ C C’ D E
Energy (eV) 0.11, 0.18 0.3 0.43 0.72 0.89 1.63 3.25
type of magnon jeff = 3/2 → jeff = 3/2 → jeff = 3/2 → jeff = 3/2 → t2g → eg t2g → eg
excitation (discrete) jeff = 1/2 jeff = 1/2 jeff = 1/2 jeff = 1/2 (band-band) (band-band)
(discrete) (band-band) (discrete) (discrete)
0 . 1 1
0
1 0
2 0
3 0
4 0
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8
0
2
4
6
 
 
 2
P h o t o n  e n e r g y  ( e V )
 M D F T c L o  +  M 0 P h o n o n s D r u d e  t e r m L o r e n t z i a n s
A B C D E
 2
( e V )
A B C
Figure 3. (Color online) Model dielectric function (MDF)
and its individual components as obtained by spectroscopic
ellipsometry of a Li2IrO3 thin film on YSZ(001). Labels A
to E denote electronic excitations, see text and Tab. I. The
inset shows a zoom-in on the electronic excitations below 0.8
eV.
IV. SUMMARY
In summary, we have grown Li2IrO3 thin films by
means of PLD on YSZ(001) substrates. XRD confirms,
that the films exhibit preferential (001) and (10-1) out-
of-plane crystalline orientations with well defined in-
plane orientation. Resistivity is dominated by three-
dimensional variable range hopping. Electronic excita-
tions below 3.34 eV were investigated via spectrocopic
ellipsometry and transmission FTIR spectroscopy. On
the basis of the jeff physics and by comparison with re-
lated iridates, these excitations were associated to d-d
transitions, transitions across the Mott gap and in-gap
states. The optical gap was found to be ≈ 300 meV,
smaller than that of Na2IrO3 films.
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